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CONDUCTIVE PATH COMPENSATION FOR MATCHING 
OUTPUT DRIVER IMPEDANCE 
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The present invention relates generally to integrated circuits, and, more 
particularly,tooutput drivers, and even more particularly to output impedance matching. 



BACKGROUND OF THE INVENTION 



As the number and complexity of computations and other functions performed 
by integrated circuit (IC) chips has increased, so has the speed required to effectively 
make these computations. For the clock rates at which modern integrated circuits 
operate, metal traces on the IC take on characteristics common to transmission lines. In 
order to maintain signal quality, it is necessary to minimize reflections and signal 
distortions which requires matching the output impedance of the signal source to that of 
the line. 

20 The more functions the IC chip contains, the larger the number of circuit blocks 

which it typically has in order to communicate with other devices external to the IC . The 
circuitblocksthatprovide this interface function between the core functions oftheIC and 
the outside world are referred to as input/output (I/O) PAD'S. PAD blocks typically 
contain drivers for obtaining signals from other chip circuitry and driving them out of the 

25 chip and receivers for receiving signals from external devices and propagating those 

signals to other chip circuitry. 

Contact between an integrated circuit and the outside world typically takes place 
through contact areas located near the outside edge of the chip. The denser chip circuitry 
is placed in locations removed from these contact areas, as stress produced during I/C 
30 contact formation is severe enough to cause damage to any circuitry that might be lying 
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dosetoftosecontact, taaddMon, aamageproduced.nbreaiang.hecWpsapartpnor 
t „ packaging makes ft. peripheric* clup area unsuitab.e for chip circuttty and thus 
available for chip contacts with their wider spacing. 

T*. integrated circuit then will typically have its inner area devoted to acttve 
5 ctrcnitty and its periphery area populated wtth chip contact areas, Relatively long 
condncdngt^esinte^nnectthesetwoarearTtose^ftennroveftecon^pouUa 

,„ fte active circuit areas of the integral circuit ffotn fte tnner areas of fte chtp to ftc 
outer areaswhere.hecontacttothoou^deworldiscreared.lTison.erconducttnglayor 

ften is often referred to as the redisttibution metal layer, as i, redisttibu.es fte output 
10 points from fte inpn.ou.pu, circuit blocks .o poin«s on fte periphery of the IC ft 
common apphcattona of fte popular dtp-chip technology, solder huntps bonded ,0 he 
chip contact areas are bonded ,0 traces in packages which are then mounted on pnnted 
circuit boards for interconnect to other integrated circuits and other devtces. 

Due to the fas. clocking rates required in modem integrated circuits and fte 
15 re u,ive 1 y 1 ongttaco S bettve OT chipohvuittyandft.chipc«n^areaa,fte«o f 
fteseredistttbntionttacesbecomessigniftcant.Ofsignificanoealsoareftedtffe.nces 

between fte various redistribution traces. As such, one chip contact area presents . 
different output impedance than does another. Such mismatches can dogmde fte speed 

2 „ ou.oneftatoftenfallsshort.Processingvariattonsaddantrihercomplica.ingvattah.e 

whichcannotbecompletelydesigneda^und. Thu^ is a need for a means to more 
effective.yma.chfteou^uttmpedanceoftn.egratedcirouitroPAD-stofteimpedance 

of the lines which those input/output devices are driving. 
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SUMMARY OF THE INVENTION 

Represeutative embodiments of a method for zoning output impedance of a 

5 La, comae, and a ftrs. ao«e potent wheretn He load tmpedance mcludes *e 
III impedance plus impedance of int—tons between an output —I 
liver Id the extetna, tope— An adjust, impedance, which canbe « 

reeled between a second source po.en.Ia> and 0. output .«nnna. of the dnver A 
rrpo^w.erelntarrferenc.po^alhaaavalne^-wavr^^^ 

II Z La, and .he second source pu..u.,a, Is gained. And . W — 

rLence^eenuaevo^ofuuuou^uUe^ofuued.Iverand^refe.noe 

potential is less than a preselected value. 

0.heraspec,sa»dadvan.a g es„fuaepre S eu,u,ve„.,onw„,beco m eappa.eu. & on, 

Ulustrating by way of example ,he principlea of the iuveutton. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanyingdrawings provide visual representations which will be used 

5 ^erstand it and its inherent advantages. In these drawings, like reference numerals 
identify corresponding elements and: 

Figure ! A is a towing of a part of an integrated circuit as desunbed ,n vanous 
^ embodiments consist wrdr the teachings of the investor, 

Figure IB is a drawing of a part of another integrated circuit as descnbcd ,» 
„ various representative cnrbodhnenrs conais,cn, with the teachings of the invenuon. 

Figure 2A is a drawing of a driver as described in various representee 
embodiments consistent with the teachings of the invention. 

Figure IB is a drawing of a driver equivalent circuit as described m vanous 
representative embodiments consistent with the teachings of the inventton. 
„ Figure 2C is another drawing of the driver equivalent circuit as descnbed ,n 

Frgure 3A is a drawing of a circuit for matching output impedance as descnbed 
in various repressive embodiments consistent whhmeteacmngsof the inventton. 
Figure 3B is a drawing of another circuit for matching output impedance as 
2 „ described in various representative embodnoents consistent with the .caching* of.be 

invention. . u , 
Figmc4is»drawingofaf.owchar,forman:hingoumu.impeda»ce. S descnbed 

mvariouamprescnmtiveembodmr^ consistent w,,h .he teachingsof.be invenuon. 
Fignre 5 is a drawing of a group of input/output pads as described in vanous 
25 representative embodiments consistent with the teachings of me inventton. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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As shown in the drawings for purposes of illustration, the present patent 
document relates to novel techniques for matehing the output impedance of input/output 
circuitsonintegrated circuits to that of the lines which they are driving. In the followmg 

detailedta^ 

with like reference numerals. 

Figure 1A is a drawing of a part of an integrated circuit 100 as described m 
various representative embodiments consistent with the teachings of the invention. The 
integrated circuit 100 is also referred to herein as the chip 100. In figure 1A, a first, 
second, and third input/output circuits 115,145,175 are connected respectively to a first, 
second andthirdchipinterconnectareasl20,150,180viarespectivelyafirst, second, and 

third conducting traces 110,140,170. The resistances of the conductmg traces 
110 140 170 are expressed by (p*l)/(w*h), where p is the resistivity of the conductmg 
layer and where 1, w, and h are respectively the length, width, and height of the 
conductingtraces. First conducting trace 110 has a first length 125 and a first width 130. 
Second conducting trace 140 has a second length 155 and a second width 160. Third 
conducting trace 170 has a third length 185 and a third width 190. In the example of 
figure 1 A, the second conducting trace 140 is approximately twice as long as that of the 
third conducting trace 170, and the first conducting trace 110 is approximately three 
times as long as that of the third conducting trace 170. Since first, second, and fluid 
width 130,160,190 are equal and assuming that the resistivities and thicknesses of first, 
second, and third conducting traces 110,140,170 are equal, the resistance of the second 
eonducting trace 140 is approximately twice that of the third conducting trace 170, and 
the resistance of the first conducting trace 110 is approximately three times that of the 
third conducting trace 170. Thus, the impedances that the first, second, and fluid 
input/output circuits 115,145,175 drive can differ significantly. 

Figure IB is a drawing of apart of another integrated circuit 100 as descnbed in 
variousrepresentativeem^^ 

again the first, second, and third input/output circuits 115,145,175 are connected 
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respectively to the first, second, and third chip interconnect areas 120,150,180 via 
respectively the first, second, and third conducting traces 110,140,170. Also, in the 
exmpleoffigurelB,thesecondconductingtracelengthl55isapproximatelytwicethat 

ofthe third conducting trace length 185, and the first conducting trace length 125 is 
5 approximatelytoeetimesthatofthethirdconductinghacelengthlSS.However.inthe 

example of figure IB, the second conducting trace width 1 60 is approximately twice that 
of the third conducting trace width 190, and the first conducting trace width 130 is 
approximately three times that ofthe third conducting trace width 190. Thus, the length 
ratios for first, second, and third conducting traces 110,140,170 of 3:2: 1 are offset by the 
10 width ratios for first, second, and third conducting traces 110,140,170 of 1:2:3 with the 
result that first, second, and third conducting traces 110,140,170 all have the same 
resistance. 

Figure 2A is a drawing of a driver 200 as described in various representative 
embodiments consistent with the teachings ofthe invention. The driver 200 has an 

15 output terminal 203. Figure 2B is a drawing of a driver equivalent circuit 205 as 
described in various representative embodiments consistent with the teachings ofthe 
invention. The driver equivalent circuit 205 offigure2B is a Thevenin equivalent circuit 
of that shown in figure 2A comprising a driver source 210 and an output impedance Ro- 
Figure 2C is another drawing ofthe driver equivalent circuit 205 as described in various 

20 representative embodiments consistent with the teachings of the invention. The driver 
equivalent circuit 205 of figure 2C is the Thevenin equivalent circuit shown in figure 2B 
with the addition of a load matching impedance Rc, wherein the combination ofthe 
output impedance Ro ofthe driver and the load matching impedance Rc matches a load 
impedance R L . 

25 Figure 3 A is a drawing of a circuit for matching output impedance as described 

in various representative embodiments consistent with the teachings ofthe invention. In 
figure 3 A, a series of pull-up transistors 305, which in this example are p-channel metal- 
oxide-semiconductor field effect transistors 305, are connected in a pull-up impedance 
matching circuit 301 to the conducting trace 110 having trace resistance R T and to a first 

30 comparatorinput311 ofa comparator 310. An output potential V 0 is the potential ofthe 
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output of the input/output circuit 115 at its connection to the conducting trace 110. 
Source contacts of the pull-up transistors 305 are connected to a second source potential 
316 which for the example of figure 3 A is supply potential V, Drain contacts of the pull- 
up transistors 305 are connected to the output of the input/output circuit 115. A second 
5 comparator input 312 is connected between a pair of matched resistors R M . The 
remaining contact of one of the matched resistors R M is connected to the second source 
potential 316 which again for figure 3 A is supply potential V s) and the remaining contact 
of the other matched resistor R M is attached to a first source potential 315 which for the 
example of figure 3A is ground potential. Thus, the potential at the second comparator 
1 0 input 312 is reference potential V R = V s /2. The combination of the two matched resistors 
R M connected between first and second source potentials 315,316 form a reference 
potential source 317. The conducting trace 110 represented in figure 3A by trace 
resistance R T is connected at interconnect area 120 shown in figure 1A to other 
interconnects, as for example packaging and printed circuit board connections whose 
15 resistanceisR K .Forthepull-upoutputimpedancematchingphasedepictedinfigure3A, 

a first load resistor R rv , also referred to herein as a pull-up resistor R P „, which could be, 
for example, a 1% precision resistor, is located off-chip connected between R K at an 
external contact 320 and the first source potential 315 which again for the example of 
figure 3A is ground potential. The external contact 320 is preferably located on aprinted 
20 circuit board on which the pull-up resistor R vv is mounted. 

During the pull-up output impedance matching phase various pull-up transistors 
305 are selected according to preselected rules and turned on. The impedance of the pull- 
up transistors 305 is compared to that of the total load impedance which for this example 

is R L = R T + R K + Rpu, seen by the input/output circuit 115 via a comparison of the 
25 voltageasmeasuredatthedraincontactsofthepull-uptransistors305bythecomparator 

310 at the first comparator input 311 with that at second comparator input 312. The 
result of this comparison, the value of a comparator output 313 of the comparator 310, 
is transferred to a control circuit 350. The control circuit 350 iteratively changes those 
pull-up transistors 305 that are tumed-on until the impedance of the pull-up transistors 
30 305 that are turned-on matches that of the total load impedance R L as evidenced by the 
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e q uaU W o f .hepo,e„. 1 ala„he n r S .compa,a«or i „pu,31.and«hepo,en,i al a, fl ,eseco„d 
c o m para.or i »put 3 l 2 .Th.co„ tt olc i rcui.3 5 0.h=nou V u,s« n a. 1 „fon„«H<.nviaco„tro 1 . 

circuit output 354. 

Should be pull-up resistor R p „ be omitted, either inadvertently or intenttonauy, 
5 external contact 320 will be an open circuit A means for detecting this open circutt a, 
external contact 320 is represented in figure 3A as an open circuit detector crrcm. 318. 
TheopencircmtdetectorcircnitSlScomprisesadetectorresistorR^andmecomparator 

310 Thedetec,orresis,orR w isconnec.«lbetweenmef,rs.comparatorinpn,311 and 
supply potential V, The impedance of open circuit detector resistor R w ts preferably 
,0 much larger than the p«U-up resistor R ro . In open circuit detection mode, pull-up 
transistors 305 are off. If the external contact 320 is an open circutt, r.e, R ru ts no, 
connected between external contact 320 and ground, the output potential V„ ,s close m 
va,ue to mat of supply potential V, Otherwise, if*, is connected beween externa 
contact 320 and ground, the output potentia! V„ is close in value to tha, of ground 
,5 potential Thedifferencebetweenthesetwoconditronsisde^cdbythecomparatorSW 
m d re por,eda.compara,oron,pu,3n,o,heconno,circui.350.Ifmeex.ema 1 con,ac, 

320 is an open circuit, the control circuit 350 identifies and/or turns on as default a 
preselected combination of pull-up transistors 305. 

Figure 3B is a drawing of another circuit for matching output impedance as 
20 described in various repreaentative embodiments consistent wtth the teachings of me 
invention. In figure 3B, a series of pull-down transistors 325, which in mis example are 
^harmelmehu-oxide-senricondu^^ 

d„wnim P edan=ema,em»go i mui,302,omeconduc.inghaoen0havi„ gn aceresistanee 
R T and to the first comparator input 3.1 of the comparator 3!0. The output potentta. V„ 
25 is the potential of the output of the input/output circuit 115 a, its connection .0 .he 
conducting trace 110. Drain contacts of the pull-down transistors 325 are connected to 
,he second source potential 316 which for the examp.e of figure 3B is ground potentta.. 
Source contacts of the pul.-down transistors 325 are connected to the output of me 
inpu.oun>u.circui«n5.Th«secondc„mpara,orinpu,3 1 2isconnec.edberivee„me P a 1 r 

30 of matched resistors R„. The remaining contact of one of the matohed resistors R„ . 
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c „ m ec,ed t o*ef i rs t sau TC epo,e„tiani 5 wh 1 chfor U >eex»pleof<,^e3B i ssu P p.y 

second source potential 316 which for this example is ground potential. Thus, as above 
the potential a. the second comparator inpu. 312 is reference potential V. - V/2. Also, 
5 as above, .he conducting trace 110 represented in figure 3B by trace resistance R, ts 
connected a. intereonnec, area 120 shown in figure 1A to other imeroonneets, as for 
examp.epackagingandpnn.edoircui.hotudeonnee.ionswhoseresistanoeisRK.For.he 

p^owrtou^impedaneema.chtngphasedepie.edinftgureSB.asecondloadreats.or 
R , also referred to herein as a pul.-down resistor R„, which could he, for example, a 
IK precision restaur, is located off-chip connected between Rk a. the external contact 
,20 and the firs, souree po.en.ial 315 which for .he example of figure 3B ts V,. The 
e X ,enu..eon,ao.320iaprefemblyloe«.edonmeprin,edoiroui,hoamonwmchmepu.h 

down resistor R,,, is mounted. 

During the pull-down output impedance matching phase various pull-down 
«,o re 32 5 ares,lee.edacooming.opre S eleo.ed ro .esa„d.umedon.Tbeimpe4anoe 

of the pull-down tranststors 325 is compared to ma. of .he .o«al .oad impedance whtoh 

for fins example is + * + — * ***** ™ ' 

comparisonofmevolugeasmeasmeda.thesoumeoon.ac.sof^pull-downttansts^ 

325 by .he comparator 210 a. .he firs, oompamtor input 311 with that at second 
compam.orinpu.Sn.TheresuUof.hiscomparison.mevalueof.heoompam.oron.pn. 

313 of .he comparamr 310, .s transfer to me oo„.ro, circui. 350. The comro, crcm. 
350 iterafiveiy changes mose pnll-down fiansistors 325 ma. are turned-on unhl .he 
unpedanoe of me pnll-down tranststors 325 ft* tun tumefi-cn matches ma. of the .o,al 
,nad impedance Re as evidenced by .he equality of me po,e„.,al a. .be first comparator 
25 inpu. 311 and me potentta, a, fine second comparamr inpn. 3,2. The oonhol eireut, 350 
then outputs that information via oonttol-circui. output 354. 
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Should .he pull-down re.is.or Rpr> be omitted, etther inadvertently or 

in.en.ior.lly, externa, con.ac. 32. will he an open cirooi.. A means for detecting ttns 
op.nei rc m.a.e X .ernalcon.ac.320isrepresen.edinn g ure 3 Bas.he„penoiron,«de.ec,or 

oircui, 318. The open orreni. de«ec,or oircni. 318 comprises a de,ee.or resistor R» and 
, d,eeompara.or3,0. The de.ec,orre S1 s.orR w is com.ec.ed hereon me firs. compara.or 
i »p„,3na„d^«ndpo.enUa 1 .Theimpedanceofopencirc„ i .de.eo,orre S ,s.orR w , 
p^ahlymuchiarger.hanmepnU-downresisrorR^.mopeno.mm.de.ecnonmode, 
pun-downttansis.ora325a.off. If .he external con«.320is an open circn,.,,e.,R„ 

is no, connected hereon ex.ernal contact 320 and supply potenria, V s , me outpu 
,0 po.enfialVu.sdoseinvaiue.ou.a.ofgronndpo.em.al.OmerwUe.ifR^scnnnec.ed 

he W eenex.erna,co„.ac.320a„dsu P p 1 ypo.en.ialV s ,.heon.pu. P o.en,ia,V 0 ,c 1 „se,n 
val ue .0 ma. of supply po.enfial V, The difference between these two cond.ttons , 
detected hy me comparator 3.0 and reported a. comparator output 323 to the contto, 
c i rc ui,350.Ifmeex,ernalcn».ac.320i S anopenoh,ui,mec 0 nhc>lcimni,350.denttfie S 

,5 and/or mnts on as default a preselected combination of pull-do™ ttansistors 325. 

* ,cu n are individually referred to in a common 
Pull-up and pull-down resistors R pu ,R P d are moiviuum y 

sense as external hnpedanoe R,„,R„. The pu„-up ttansistors 305 and the pun-down 
viators 325 a. individuafiy referred to in a common sense as me ad^ab e 
impedance 305,325 since me pmpose of me pul.-up and pull down transistors 305,325 
20 is to provide an adjustable resistance. 

Figure 4 is a drawing of a flow chart 400 for matching ourpu, impedance as 
described in various representative embodiments consistent with me teachings of the 
invention. In block 405, .he integrated circuit .00 is mounted in its apphcauon 

configuration. Block 405 then transfers control to block 410. 
25 !nblo ek410,eimer.hef,ra.loadresia.orR,„forma K hingimpedaneem.h.pnU- 

upmodeor.heseoondloadresis.orR FO forma,emn g impedancemmepull-dow.mode 

is ^hed to the external contact 320. Block 410 then transfers control to block 415. 

In bloek415,.hereferencepo.en,i»lV,isob,ainedviameon-ehip attachment of 
(he mid-pomtoftwo matched resistors R„ attached between the supply potential V, and 
gmund potential a. the second comparator input 312. Block 4,5 then transfers contto, 
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to block 420. 

In block 420, the voltage of the output terminal 203 of the driver 200, which is 

indicated herein as V G , is obtained. Block 420 then transfers control to block 425. 

When the absolute difference between the reference potential V R and the output 

5 potential V 0 is less than or equal to a preselected difference, block 425 terminates the 

process. Otherwise, block 425 transfers control to block 430. 

mblock430,duringmepull-upoutputimpedancematchingphasevariouspull-up 

transistors 305 are selected accordingto preselected rules and turned on. During the pull- 
down output impedance matching phase various pull-down transistors 325 are selected 
10 according to preselected rules and turned on. Block 430 then transfers control to block 
420. 

Depending upon which output impedance match condition, pull-up or pull-down, 
was performed, the other is preferably performed by repeating the above process 
beginning at block 410 to obtain the other condition, pull-up or pull-down, output 

15 impedance match. 

In an alternative embodiment, the pull-up transistors 305 and pull-down 
transistors 325 are binary weighted and begin in their "off state. They are then turned 
on one at a time from the most significant bit to the least significant bit. The comparator 
310 resolves the difference between the reference potential V R and the output potential 
20 V 0 , but this difference eventually becomes less than one least significant bit. 

Figure 5 is a drawing of a group 505 of input/output pads 510 as described in 
various representative embodiments consistent with the teachings of the invention. 
Related input/output pads 510 as, for example, thosepads associated with a common bus 
are preferably grouped together as shown in figure 5. Among these pads, a special 
25 input/output pad 515 can be placed which is used for compensation for processing, 
voltage, and temperature. Each of these three variables can have an affect on the output 
of any given input/output pad 510. For example, if the supply potential V s varies, so does 
the turn-on impedances of the pull-up transistors 305 and the pull-down transistors 325. 
Processing variations and temperature can have a similar effect. In this representative 
30 embodiment, the above output impedance matching is performed for a selected number 
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of standard lengths of traces, as shown by the three traces 110 connecting the special 
input/output pad 515, referred to herein as processing-voltage-temperature input/output 
test pad 515 and also as compensation circuit 515. In a representative embodiment, the 
compensation circuit 515 comprises the matched resistors R M , the comparator 210, pull- 
5 up/pull-down transistors 305,325, and the control circuit 350 of figures 3 A and 3B. An 
instruction is then sent to each of the input/output pads 510 which are based upon the 
trace 1 1 0 length for that input/output pad 51 0 and the above matching procedure, to select 
the correct pull-up transistor 305 and pull-down transistor 325 combinations to match the 
|£ output impedance R<> to the load impedance R L for each input/output pad 510 in the 

2 1 0 group 505. The instruction comprises a code which identifies the pull-up or pull-down 
K transistor 305,325 combination to turn on. The above procedures are preferably repeated 

y i 

W for each group 505 of input/output pads 510 on the chip 100. 

O In another embodiment, all compensation codes are derived from impedance 

? . matching at one input/output pad. Since all trace lengths are known via the design of the 

P J 15 chip, once a compensation is determined, for example, for one process-voltage- 
fy" temperature input/output test pad 515 and one related trace 110 length, appropriately 

U scaled compensation can be computed for each of the other input/output pads 510 in all 

of the groups 505 on the chip 100. For this embodiment, only two off-chip precision load 
resistors R PlJ ,Rp D are required for the foil chip 100, whereas two off-chip precision load 
20 resistors R PU ,R PD are required for each group 505 in the previous embodiment discussed 
above. 

The impedance matching process can be on-going to compensate for time 
dependent changes, as for example temperature and supply voltage, with results then 
being transferred to the other input/output pads 510 periodically which could be, for 
25 example, every 1000 clock cycles. 

While the term resistance has been used with respect to the embodiments 
disclosed herein and resistors have been shown in the drawings and discussed therewith, 
it will be understood by one of ordinary skill in the art that complex impedances could 
be used in other embodiments. Also, while discussion has centered around the 
30 differences in trace length, as noted above the resistances of the conducting traces 
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110,140,170 are expressed by (p*l)/(w*h), where p is the resistivity of the conducting 
layer and where 1, w, and h are respectively the length, width, and height of the 
conducting traces. Thus, differences in conducting trace 110,140,170 impedances for a 
given metal layer in an integrated circuit are dependent upon not only the length of their 
5 traces 110,140,170 but also their widths, and to a lessor degree resistivity and trace 110 
thickness variations across the chip. The ratio of trace length to trace width forms a 
parameter of comparison between different traces. 

A primary advantage of the embodiment as described in the present patent 
document over prior techniques is the ability to compensate for trace differences even 
1 0 after the chip 100 has been processed. Thus, trace differences between input/output pads 
510 and interconnect areas 120 can be compensated for in conjunction with compensation 
for package interconnect resistance and for processing, voltage, and temperature 
variations. 

While the present invention has been described in detail in relation to preferred 
15 embodiments thereof, the described embodiments have been presented by way of 
example and not by way of limitation. It will be understood by those skilled in the art 
that various changes maybe made in the form and details of the described embodiments 
resulting in equivalent embodiments that remain within the scope of the appended claims. 
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